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e o=" o =~ 8.. limit, shock speed vanishes, and the steady shock polar is retained
In this way the Jump cond.i.tions are imposed iteratively and in a manner consistent with the relaxation procedure that is used everywhere else in the flow field.
Preliminary results for axisymmetric flows around a sphere are presented.
Application of the algorithm to small-disturbance calculations are discussed in the appendix. 
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I. Introduction
In the past, transonic flows have been calculated with the Euler equations and with time-dependent finite-dlfference methods. For I example, Magnus and Yoshihara used the Lax-Wendroff finite-dlfference schemes with additional artificial viscosity.
In their work, the shocks were smeared, and small grid sizes were needed to capture them. Grossman 2 and Moretti, on the other hand, fitted the shock following a method 3 developed by Kentzer, which uses the compatibility relations along the characteristics.
For many cases of interest, a potential flow model is adequate.
Murman and Cole 4 introduced a type-dependent finite-dlfference scheme and solved the transonic small-disturbance equation by relaxation methods. 5 Jameson, using "rotated difference schemes," extended their work to the full potential equation.
In their calculations, shock Jump conditions are not satisfied. For example, mass is not conserved across the shock, and the strength and position of the shock are usually not calculated correctly. Later, Murman 6 introduced a "fully conservative scheme" to handle this problem for small-disturbance calculatlons, and Jameson 7 introduced a fully conservative scheme for the full potential equation.
In these later calculations, mass is conserved globally, supersonic to subsonic shocks are located within a few grid points, and supersonic to supersonic shocks are usually smeared over more 8rld points. Sharper shocks can be obtained only by grid refinement. 8 Hafez and Cheng considered shock fitting for transonic smalldisturbance calculations by using type-dependent finite-difference relaxation methods. In their work, shock-Jump conditions are explicitly imposed, and mass is locally conserved across a surface of discontinuity.
Much coarser grids may then be used for the calculations. The algorithm applies for supersonic to subsonic shocks as well as for supersonic to supersonic shocks. Using characteristic compatibility relations, Yu and Seebass 9 studied the same problem. For embedded shocks, they used a method similar to that of Hafez and Cheng.
Extension of the method of Hafez and Cheng to the full potential calculation is straightforward in principle; however, in practice, the more complicated coordinate systems used for the full potential calculations lead to cumbersome interpolation formulae. In this paper we consider an alternative procedure for fitting shock waves in full potentlal calculations. (The application of the method to small disturbances is discussed in the Appendix.) The method is based on an equation for the unsteady shock Jump, which is derived from the time-dependent equation describing the relaxation algorithm.
In the steady-state limit, shock speed vanishes, and the steady shock polar is retained. In this way, the Jump conditions are imposed iteratlvely and in a manner consistent wlth the relaxation procedure that is used everywhere else in the flow fleld. The method should be applicable to rotated difference schemes and to conservative and nonconservative differences.
The only previous work reported in literature on shock-flttlng 10 methods for full potential calculations is the work of Jones and South, in which detached bow shock waves were considered. Jones and South first used a mapping from physical space to a rectangular computational grid; then, they used Newton's method to determine the shock shape. The method considered in this paper appears to be simpler and is not restricted to bow shocks.
In the following we first discuss unsteady transonic flow equations and their weak solutions. Then, the tlme-dependent equations describing the iteratlve methods are then developed. A shock-flttln 8 algorithm is described, a solutlon procedure is proposed, and some preliminary numerical results are given. Finally, in the Appendlx we compare the application of the shock-flttlng algorithm to small-dlsturbance calculations with the method of Hafez and Cheng for one-and two-dlmenslonal numerical examples. , we obtain the conservative form
where
For smooth flows, equations (1) and (2) are equivalent. Equation (2), ~wever, admits a weak solution with mass conservation across a discontinuity surface.
Jump Conditions
The jump condition admitted by the weak solution is given by For transonic flows, equation (6) is a good approximation of Ranklne Hugoniot relations*, the difference being due to the irrationality assumption.
(6)
The exact Prandtl relation (taking into consideration entropy variations)in may be used instead of eq. (6) 
Equations (i) and (4) 
where RNC(¢) ffi (a 2 -u2)¢xx -2UVCxy + (a2 -v2)¢yy .
Multiplying equation (9) by p/a 2 , we have
where RFc(¢) = (pu) x + (pV)y .
Since we are interested only in the steady-state solution, the coefflelents , 8 , 7 and 6 may be selected to accelerate the convergence. Hence, the values of ~ at two upstream grid points or equivalently the derivatives ~x and ~y are needed. We encountered some difficulties in implementing this scheme for supersonic-supersonic shocks in general.
The details of a shock-fitting algorithm are discussed in the next section. 
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Numerical Implementation of Shock-Fittin 8 Method
A shock-fitting algorithm has the following properties:
(1) An initial estimate of the potential is obtained, for example, from s nonconservatlve solution.
(2) The shock waves are detected and used as an inltial estimate of shock location.
(3) The flow field is computed with a relaxation method, in which the shock is a surface of discontinuity fixed in space and the shock Jump conditions are imposed as the boundary conditions.
(4) The shock locations are updated, based on the latest information, by using equation (17). (5) Steps 3 and 4 are respected until convergence is achieved.
Step 1 requires no elaboration here. For step 2, different criteria may be used to detect a shock from smooth calculations. Murman 6 used the maximum slope point of the velocity profile in the shock region. South II used the minimum Laplaclan (V2~) for full potential calculations. Lax-Wendroff Scheme:
Here we neglected the variation of A, B and C wlth time.
Crank-Nicholson Scheme:
Once the shock is relocated, the continuity of ~ is imposed as a boundary condition. For a detached bow shock, ~ is set equal to zero, the free-stream value. For embedded shocks, the value of ~ at the shock is obtained from upstream (supersonic) conditions by extrapolation.
In the supersonic-subsonic case, to avoid use of a special unequal mesh formula at the grid point downstream of the shock, a Taylor series expansion is used to obtain a fictitious value of ~ at the first mesh 
Calculated Examples
We have obtained preliminary results got the flow past a blunt 12 body by using the method of South and Jameson with the above-described shock-fitting algoritlu. * Ne use the Keller-South 14 (RAXBOD) program to obtain an initial estimate for ~ everywhere in the flow field. The standoff distance is calculated as discussed earlier, and hyperbola is used as an initLal estimate of the shock shape.
The shock is located by using equation (I1). Properties ahead of the shock are calculated by extrapolation from upstream conditions; in this case, ~ 5 0 ahead of the shock. For the supersonic-supersonic part of the shock, we also need the properties behind the shock. Equations (7) and (12) Here, q is the physical coordinate normal to the body, and Y is the computational coordinate, which varies from zero at the body to one at infinity. The tangential coordinate is stretched by a quadratic transformation between the physical arc length and the computational coordinate X .
* 10
The same problem was solved by Jones and South, who used~apping techniques, and by Hsieh 13 (hemisphere cylinder), who used the timedependent Euler equation. It could be argued that the discrepancies are due to the supersonic/ supersonic part of the shock where the shock was not really fitted in our calculation. This is unlikely, however, since the initial guess is selected using Moeckel's approximation. We have not resolved thls point and further investigation is needed to resolve the differences.
Calculation of embedded shocks have been tested also. Flows around a sphere were computed with and without shock fitting. In Figure   5 , AE DC-TR-78-3 7
In the first case, the iterations were stopped when the maximum difference between successive iterates is less than 10 -4 while more iterations were allowed (to 10 -6) for the results shown in Figure 5 . In Sketch A.1 we see that ~f we locate the shock incorrectly between zero and one the shock will move towards one. If the shock is placed at one, the shock speed is zero, and the shock settles there. Note that here we need the extrapolation procedures only to calculate a correction term. (An approximate location of the shock, for example, the middle of the mesh, may be used without great loss of accuracy.)
Also, a locally normal shock-fitting approximation may be assumed (in other.words, we may use the same formula as in the one-dlmenslonal case, I plus ~ centered difference approxlmatlon for the ~yy term). As a matter of fact, Murman's fully conservative scheme may be written as an elliptic operator with a correction term, as follows:
MurmanWs shock-point operator is a special case of this relation: • 
